Understanding biological temperature responses is crucial to predicting global carbon fluxes. The 21 current approach to modeling photosynthetic temperature responses in large scale modeling efforts 22 uses a modified Arrhenius equation. We rederived the modified Arrhenius equation from the source 23 publication and uncovered a missing term that was dropped between 1942 and 2002. We compare 24 fitted temperature response parameters between the new and old derivation of the modified 25 Arrhenius equation. We find that most parameters are minimally affected, though small errors still 26 exist. We then scaled the impact of these small errors to whole plant carbon balance and found that 27 the impact of the rederivation of the Arrhenius on modelled daily carbon gain causes a meaningful 28 deviation of ~1.8%. This suggests that the error in the derivation of the modified Arrhenius equation 29 has impacted predictions of carbon fluxes at larger scales. We argue that it is time to move beyond 30 the modified Arrhenius paradigm since the current implementation is categorically incorrect and to 31 use more thermodynamically-grounded temperature response equations going forward. 32 33 ( −298.15) 298.15 ] Equation 2 47 48 where f(T) is the rate of the process at temperature, A is a pre-exponential factor, T in K, k25 is the rate 49 of the process at 298.15 K, Ea is the activation energy in J mol -1 , R is the universal gas constant of 50 8.314 J mol -1 K -1 , and 298.15 is the reference temperature in K. As for peaked responses, while a few 51 options are available (Kruse et al., 2008; Hobbs et al., 2013; Heskel et al., 2016), the most commonly 52 implemented version is the modified Arrhenius model of Johnson et al. (1942) as presented in Medlyn 53 et al. (2002): 54 55 Equation 4 85 86 where I is the intensity of the luciferase reaction, c'' is not explicitly defined in Johnson et al. (1942), 87 but presumably represents a second derivative of the rate, T is the temperature in K, R is the universal 88 gas constant of 8.314 J mol -1 K -1 , ΔH ‡ is the activation energy in J mol -1 , ΔH is the deactivation energy 89 in J mol -1 , and ΔS is the entropy in J mol -1 . We can relativize the equation to a reference temperature: 90 91 109
Introduction
Globally, photosynthesis and autotrophic respiration are the largest biological carbon fluxes, with 35 photosynthesis removing ~120 Gt C year -1 and autotrophic respiration releasing ~60 Gt C year -1 36 (Amthor, 2000; Ciais et al., 2013) . Given the temperature sensitivity of these large carbon fluxes, 37 understanding how photosynthesis and respiration respond on acute, acclimatory, and adaptive where Hd is the deactivation energy in J mol -1 , and ΔS is the entropy of the process in J mol -1 . (F1,90 = 4.56 • 10 5 , R 2 = 0.9998, P < 2.2 • 10 -16 ) ( Fig. 2b) . For ΔS, the slope was 0.991 ± 3 • 10 -3 and an 195 intercept of 0.005 ± 2 • 10 -3 kJ mol -1 (intercept approximately 1% of fitted ΔS) (F1,90 = 1.23 • 10 5 , R 2 = 196 0.9993, P < 2.2 • 10 -16 ) ( Fig. 2f ). Meanwhile Vcmax25 was identical between both approaches with a 197 slope of 1.000 ± 1.1 • 10 -5 (intercept not significant; F1,91 = 8.2 • 10 9 , R 2 = 1.000, P < 2.2 • 10 -16 ) (Fig. 3b ). 198 For Jmax, there were small differences in the fitting of Ea for Jmax, with a slope of 0.998 ± 2 • 10 -3 and 199 intercept of -2.230 ± 1.08 • 10 -1 kJ mol -1 (F1,91 = 3.3 • 10 5 , R 2 = 0.9997, P < 2.2 • 10 -16 ) ( Fig. 2d ). For ΔS, 200 the slope was 0.962 ± 3 • 10 -3 and an intercept of 0.025 ± 2 • 10 -3 kJ mol -1 (intercept approximately 5% 201 of fitted ΔS) (F1,90 = 1.1 • 10 5 , R 2 = 0.9992, P < 2.2 • 10 -16 ) ( Fig. 2h ). Meanwhile Jmax25 was identical 202 between both approaches with a slope of 1.000 ± 1.2 • 10 -5 (intercept not significant; F1,92 = 6.7 • 10 9 , 203 R 2 = 1.000, P < 2.2 • 10 -16 ) ( Fig. 3d ). the fitting of Ea for Vcmax, with a slope of 0.966 ± 2.6 • 10 -2 (intercept not significant; F1,74 = 3005, R 2 = 223 0.976, P < 2.2 • 10 -16 ) ( Fig. 2a ). For ΔS, the slope was 0.989 ± 1.7 • 10 -2 (intercept not significant; F1,74 = 224 3339, R 2 = 0.9783, P < 2.2 • 10 -16 ) ( Fig. 2e) , while Hd had a slope of 0.992 ± 1.9 • 10 -2 (intercept not 225 significant; F1,74 = 2812, R 2 = 0.9744; P < 2.2 • 10 -16 ) (Fig. 3e ). Meanwhile Vcmax25 was nearly identical 226 between both approaches with a slope of 1.000 ± 4 • 10 -3 (intercept not significant; F1,74 = 7.98 • 10 6 , 227 R 2 = 1.000, P < 2.2 • 10 -16 ) (Fig. 3a) . For Jmax, there were small differences in the fitting of Ea for Jmax, 228 with a slope of 1.000 ± 5 • 10 -3 and an intercept of -3.119 ± 1.089 kJ mol -1 (F1,80 = 3.6 • 10 4 , R 2 = 0.9978, 229 P < 2.2 • 10 -16 ) (Fig. 2c) . ΔS was identical, the slope was 1.000 ± 4 • 10 -3 (intercept not significant; F1,81 = 230 6.4 • 10 4 , R 2 = 0.9987, P < 2.2 • 10 -16 ) (Fig. 2g ), while Hd was identical with a slope of 1.000 ± 4 • 10 -3 231 (intercept not significant; F1,81 = 5.2 • 10 4 , R 2 = 0.9985; P < 2.2 • 10 -16 ) (Fig. 3f ). Jmax25 was identical 232 between both approaches with a slope of 1.000 ± 1 • 10 -3 (intercept not significant; F1,81 = 5.8 • 10 7 , R 2 233 = 1.000, P < 2.2 • 10 -16 ) (Fig. 3c ). (approximately 2% of modeled A) (F1,898 = 1.625 • 10 6 , R 2 = 0.9994; P < 2.2 • 10 -16 ) (Fig. 4b) . Similarly, 240 the high respiration model for A had a slope of 0.977 ± 7.666 • 10 -3 and an intercept of 0.004 ± 1.591 • 241 10 -3 (approximately 2% of modeled A) (F1,898 = 1.625 • 10 6 , R 2 = 0.9994; P < 2.2 • 10 -16 ) (Fig. 4d ). For 242 daily A measured at a variable Hd, the slope for the low respiration model was 0.983 ± 9.909 • 10 -3 and 243 the intercept was 0.002 ± 1.128 • 10 -3 (approximately 2% of modeled A) (F1,556 = 9.834 • 10 5 , R 2 = 244 0.9994; P < 2.2 • 10 -16 ) (Fig. 4a ). For the high respiration model of daily A, the slope was 0.983 ± 9.909 • 245 10 -3 and the intercept was 0.003 ± 9.909 • 10 -4 (approximately 2% of modeled A) (F1,556 = 9.834 • 10 5 , 246 R 2 = 0.9994; P < 2.2 • 10 -16 ) (Fig. 4c ). (Fig. 5b) . The high respiration model of A/R was similar; the slope was 0.993 ± 259 5.628 and the intercept was 0.014 ± 0.001 (approximately 1% of modeled A/R) (F1,898 = 3.115 • 10 6 , R 2 260 = 0.9997; P <2.2 • 10 -16 ) (Fig. 5d ). Using a variable Hd, the low respiration model of A/R had a slope of 261 0.994 ± 0.001 and the intercept was 0.030 ± 0.001 (approximately 1% of modeled A/R) (F1,556 = 6.857 • 0.001 and the intercept was 0.017 ± 0.003 (approximately 1% of modeled A/R) (F1,556 = 6.812 • 10 5 , R 2 264 = 0.9992; P <2.2 • 10 -16 ) (Fig. 5c ). (Fig. 6b) . Likewise, the high respiration of total C gain 278 had a slope of 0.979 ± 7.261 • 10 -4 and an intercept of 0.001 ± 1.116 • 10 -4 (approximately 2% of 279 variable Hd; starting with the low respiration model, total C gain had a slope of 0.985 ± 9.555 • 10 -4 281 and an intercept of 0.001 ± 1.223 • 10 -3 (approximately 1.5% of modeled C gain) (F1,556 = 1.06 • 10 6 , R 2 282 = 0.9995; P <2.2 • 10 -16 ) (Fig. 6a) . The high respiration of total C gain also had a slope of 0.985 ± 9.110 • 283 10 -4 and an intercept of 0.001 ± 1.290 • 10 -4 (approximately 1.5% of modeled C gain) (F1,556 = 1.17 • 284 10 6 , R 2 = 0.9995; P <2.2 • 10 -16 ) (Fig. 6c ). allowed to vary (a, c) and is fixed to 200 kJ mol -1 (b,d) . 
